INTRODUCTION
A synthetic retinoid, N-(4-hydroxyphenyl) retinamide (fenretinide, 4-HPR), has cytotoxicity in vitro against a wide variety of adult and pediatric cancer cell lines, including neuroblastoma [1] [2] [3] [4] . The mechanism of 4-HPR cytotoxicity is complex and may include an increase of reactive oxygen species (ROS) [4] [5] [6] [7] , a time-and dose-dependent increase of dihydroceramide species [4, [8] [9] [10] [11] [12] [13] , angiogenesis inhibition [14] , or increased natural killer cell activity [15] . Clinically, previous fenretinide studies have employed a corn oil-containing, oral capsule of limited bioavailability [16] . Low dose oral 4-HPR (200-900 mg/day; 1-3 mM plasma levels)
Background. A phase I study was conducted to determine the maximum-tolerated dose, dose-limiting toxicities (DLTs), and pharmacokinetics of fenretinide (4-HPR) delivered in an oral powderized lipid complex (LXS) in patients with relapsed/refractory neuroblastoma. Procedure. 4-HPR/LXS powder (352-2,210 mg/m 2 / day) was administered on Days 0-6, in 21-day courses, by standard 3 þ 3 design. Results. Thirty-two patients (median age ¼ 8 years, range 3-27 years) enrolled with 30 evaluable for dose escalation. Prior therapies included stem cell transplantation/support (n ¼ 26), 13-cis-retinoic acid (n ¼ 22), 125/131 I-MIBG (n ¼ 13), and anti-GD2 antibody (n ¼ 6). 170þ courses were delivered. Course 1 DLTs were a Grade 3 (n ¼ 1) alkaline phosphatase at 352 mg/m 2 /day. Other major toxicities were Grade 4 (n ¼ 1) alkaline phosphatases on Courses 5 and 6 at 774 mg/m 2 /day, and Grade 3 (n ¼ 1) ALT/AST elevation on Course 2 at 1,700 mg/m 2 /day. Of 29 response-evaluable patients, six had stable disease (SD) (4-26 courses); four with marrow-or bone disease-only had complete responses (CR) (10-46 courses). 4-HPR plasma levels were several folds higher (P < 0.05) than previously reported using capsular fenretinide. The Day 6 mean peak 4-HPR plasma level at 1,700 mg/m 2 /day was 21 mM. An MTD was not reached. Conclusions. 4-HPR/LXS oral powder obtained higher plasma levels, with minimal toxicity and evidence of anti-tumor activity, than a previous capsule formulation. A recommended phase II schedule of 4-HPR/LXS powder is 1,500 mg/m was studied for cancer chemoprevention [17] [18] [19] with minimal toxicities that included reversible nyctalopia due to plasma retinol depletion, dry skin and rash [20] [21] [22] . In phase I and II studies, high dose oral 4-HPR capsules demonstrated a wide inter-patient variability of attained plasma levels (6-13 mM plasma) [23] [24] [25] [26] with anti-tumor activity suggested in relapsed/refractory neuroblastoma based on multiple patients with prolonged stable disease. Side effects included reversible hepatic dysfunction, alkaline phosphatase elevations, hypertriglyceridemia, idiosyncratic pseudotumor cerebri, nausea, and mild thrombocytopenia [24, 25] . The modest toxicity of 4-HPR and in vitro data showing dose-related cytotoxicity suggested that increased drug levels could potentially improve anti-tumor activity. An oral powder delivering 4-HPR in an organized lipid complex, called LYM-X-SORB TM (LXS), was developed that increased 4-HPR levels in plasma (fourfold) and tissues (sevenfold) in mice compared to the corn oil capsule [27] . A phase I trial was conducted in relapsed/refractory neuroblastoma to determine the maximal tolerated dosage (MTD) of this novel formulation beginning at a dose expected to achieve plasma levels similar to the capsular phase II dose. The dosing schedule of 7 days, every 3 weeks, was modeled after two prior capsular studies that included patients with relapsed/refractory neuroblastoma [24, 25] .
METHODS

Drug Sources and Formulation
N-(4-hydroxyphenyl)retinamide (fenretinide, 4-HPR; NSC 374551) formulated as fenretinide/LYM-X-SORB TM (LXS) oral powder was provided via a Rapid Access to Intervention Development (RAID) grant from the Developmental Therapeutics Program (DTP) of the National Cancer Institute (NCI) to B.J.M. (Study Chair and Sponsor, IND #68,254) as a powder 3% by weight 4-HPR, 55% wheat flour, 22% LXS lipid matrix (lysophosphatidylcholine, monoglycerides, and free fatty acids), and 20% sucrose. 4-HPR/LXS oral powder was formulated by Avanti Polar Lipids, Inc. (Alabaster, AL), under agreement with BioMolecular Products, Inc. (Newburyport, MA). As the fat content of foods was previously reported to affect the bioavailability of fenretinide formulated as corn oil capsules, oral powder doses were mandated to be mixed into a liquid nutritional supplement (Slim-Fast, Unilever) to ensure a degree of uniformity of patient delivery. High milk-fat foods taken concurrently with daily doses were avoided to reduce possible destabilization of the LXS lipid matrix.
Patient Eligibility
Patients 30 years of age diagnosed with high-risk neuroblastoma with relapse at any time, refractory disease (less than partial response to frontline therapy based on International Neuroblastoma Response Criteria-INRC [28] ), or biopsy-documented neuroblastoma or ganglioneuroblastoma after a partial response to frontline therapy were eligible. Patients were required to have at least one of the following: minimum of one centimeter soft tissue disease on CT/MRI scan, metaiodobenzylguanidine (MIBG) avid site(s), any amount of tumor in the bone marrow by standard histology. Patients with intraparenchymal brain or meningeal metastases were excluded. Specific organ function requirements included absolute neutrophil count (ANC) ! 750/ml, platelets !50,000/ml, creatinine <1.5 Â institutional upper limit of normal for age, and ALT/AST <3 Â institutional upper limit of normal for age. Postmenarchal females were required to have a negative beta-human chorionic gonadotropin and to utilize contraception. Morphological evidence of neuroblastoma in bone marrow was assessed by routine hematoxylin and eosin staining (i.e., routine morphology). The study protocol was approved by local human investigations committees in accord with an assurance filed with and approved by the U.S. Department of Health and Human Services and registered at www.clinicaltrials.gov as NCT00295919. ICH-GCP guidelines were followed. Written informed consent/assent from each participant or guardian was obtained prior to enrollment.
Treatment Plan and Dose Escalation
4-HPR/LXS oral powder was given at 352-2,210 mg 4-HPR/m 2 /day, divided into two doses daily (BID), for 7 consecutive days, every 3 weeks. Dose escalation was by standard 3 þ 3 design using fixed 30% dose escalation increments and no intrapatient dose escalation [29] . Pharmacokinetic sampling was required. Disease evaluations were done at entry, after Courses 2, 4, and 6, then every fourth course. An ophthalmologic examination with visual acuity assessment was performed at entry, every third course for two examinations, and then every fourth course. Patients were eligible to continue protocol therapy until tumor progression. Patients were advised to avoid prolonged exposure to sunlight due to possible 4-HPR-induced skin sensitivity and to use a sun-blocking agent (SPF 15 or greater) when out of doors.
Definitions of Dose Limiting Toxicity (DLT) and Maximum Tolerated Dose (MTD)
Adverse events were graded according to the NCI Common Terminology Criteria for Adverse Events (CTCAE) v3.0. Doselimiting hematologic toxicity in patients with <20% tumor involvement of the bone marrow at the time of evaluation for persistent hematological toxicity was defined as platelets <10,000 on one occasion, or more than one platelet transfusion required per week, or a Grade 4 ANC for more than 2 weeks. Dose-limiting nonhematologic toxicity was defined as Grade 3 or 4 non-hematologic toxicity possibly/probably-related to 4-HPR LXS oral powder excluding Grade 3 non-hematologic toxicity resolving to Grade 1, or baseline if >Grade1, by course Day 28; Grade 3 nausea/ vomiting/diarrhea controllable by medical management; Grade 3 hepatic toxicity resolving by course Day 28; Grade 3 fever or infection; treatable Grade 3 headache not due to pseudotumor cerebri; central nervous system toxicity attributable to disease progression; and decreased adaptive dark vision. The MTD was defined as the dose at which at least five of six patients did not demonstrate dose-limiting toxicity (DLT) in Course 1.
Clinical Response Assessment
Neuroblastoma responses were graded using the NANT Response Criteria, (a modification of the INRC) [28] . Overall response was graded based on integration of CT/MRI response by RECIST Criteria v. 1.0 [30] , metaiodobenzylguanidine (MIBG) response by Curie scale [31] , and bone marrow response by morphology. Bone marrow responses of stable disease, complete response (requiring minimum of two negative consecutive bone marrows), or progressive disease were reported [32] . Radiological scans and bone marrow slides were centrally reviewed for patients with an overall partial or complete response, or stable disease for Pediatr Blood Cancer DOI 10.1002/pbc more than three courses. Marrows read as negative at entry per the treating site were not centrally reviewed unless overall response was CR/PR. Radiologic and bone marrow reports from the treating sites were centrally reviewed for all patients.
Pharmacokinetics
On Course 1 (Days 0-6), blood specimens were obtained by central catheter or venipuncture pre-dose (hour 0) on Day 0, then at hours þ2, þ4, þ6, and þ8 after the first dose, on Day 6, premorning dose, then at hours þ2, þ4, þ6, and þ8, and once on Day 8; on Course 2, pre-morning dose on Day 0, then at hours þ4 and þ6, Day 2 at þ6 hours after the morning dose, and on Day 6, pre-morning dose, then at hours þ4 and þ6; on Course 6, pre-morning dose on Day 0, then at hours þ4 and þ6, on Day 6, premorning dose, then at hours þ4 and þ6. Plasma was stored at À80˚C prior to analysis by the study reference pharmacokinetic laboratory. 4-HPR metabolites, N-(4-methoxyphenyl) retinamide (4-MPR), and in some cases, 4-oxo-4-HPR, were measured by a validated high-performance liquid chromatography (HPLC) assay with modification [33] . Briefly, N-(4-ethoxyphenyl)retinamide was added to the plasma samples as an internal standard prior to precipitation with ice-cold acetonitrile. Supernatant was analyzed on an Agilent Technology 1200 system with Photodiode Array Detector set at 354 nm wavelength using an Agilent Technologies ZORBAX Eclipse XDB C18 Column 4.6 Â 150 mm 2 (3.5 mm). Gradient elution was with methanol and 0.5% acetic acid water at a flow rate of 1.0 ml/minute with autosampler temperature at 20˚C. Peak level was defined as the highest value measured around a time point. Trough level was defined as the pre-dose level. Steady-state levels were defined as levels measured around the first dose on the seventh day (i.e., Day 6).
Statistical Methods
Statistical analysis of pharmacokinetic data between dosing groups was by one-way ANOVA using the Holm-Sidak method with SigmaPlot 11 software, Systat Software, Inc. (San Jose, CA); pharmacokinetic analyses between CR responders and non-CR patients was by Wilcoxon test.
RESULTS
Patient Characteristics
Thirty-two eligible patients were enrolled (Table I and  Supplemental Table I ). Two patients were inevaluable for dose escalation and response. One patient at 1,308 mg/m 2 /day (25 years old) refused further protocol therapy after 7 days of therapy due to inability to comply with sunlight exposure restrictions and did not complete the required 14-day follow-up. One patient at 2,210 mg/m 2 /day (13 years old) was unable to take the drug on the first day of treatment and was replaced. One patient at 458 mg/m 2 /day (9 years old) was inevaluable for response due to withdrawing consent after completing the first 7 days of drug without clinical progression to receive palliative care. Two additional patients withdrew consent during therapy but remained evaluable for dose escalation and response: one at 774 mg/m 2 /day (6 years old) in complete response after 10 courses due to intolerance of the mandated liquid nutritional supplement carrier; and one at 1,006 mg/m 2 /day (27 years old) during Course 4 to receive another therapy.
Toxicities
Tables II and III summarize the observed toxicities. In the single patient who experienced a DLT during Course 1, an isolated Grade 2 increase in alkaline phosphatase was noted on Day þ19. Course 2 was delayed and, by Day þ28, alkaline phosphatase had increased to Grade 3 with a Grade 1 AST elevation. The patient was asymptomatic; other hepatic function tests were normal. Alkaline phosphatase fractionation showed 40% liver/60% bone-derived 2 /day had tumor progression after Course 2 and was also found to have a de novo Langerhans cell histiocytosis lesion of the skull with soft tissue extension [34] graded as unrelated to protocol therapy. No MTD was defined based on toxicity.
Tumor Response
Twenty-nine patients were evaluable for disease response (measurable soft tissue disease by CT/MRI scan, n ¼ 11; MIBG avid sites and/or bone marrow involvement without measurable soft tissue disease, n ¼ 18). There were four confirmed complete responses in patients with bone marrow or bone disease-only treated with 10-46 courses (Table IV) . One of these (Patient 13) enrolled with relapsed marrow disease two months after completing ch14.18 þ IL-2 immunotherapy on ANBL0032 protocol (NCT00026312) and withdrew from protocol therapy in CR after 10 courses due to dissatisfaction with the liquid nutritional supplement carrier. This patient was still in CR at 36 months off protocol therapy without further treatment. Patient 28 enrolled with relapsed marrow disease after receiving frontline therapy with isotretinoin on the ANBL0032 protocol, received 46 courses of fenretinide, and remained in CR at end of therapy. Of the two other complete responders, Patient 18 enrolled with persistent MIBG avid sites after two courses of I-131 MIBG given 6 and 4 months prior followed by two courses of cyclophosphamide/zoledronic acid, and Patient 30 had bone marrow progression prior to transplant, was in a complete response following transplant, and then had another bone marrow relapse after three courses of isotretinoin on ANBL02P1 (NCT00070200) prior to enrollment. These two complete responders went off therapy for PD after 17 and 5 courses respectively. Six patients had stable disease (SD) for a median of 5.5 courses (range 4-26þ courses) ( Table IV) . One of these six patients (at 1,006 mg/m 2 /day) withdrew from protocol therapy in SD after Course 4 to pursue other treatment options.
Pharmacokinetics
Plasma pharmacokinetics (PK) of 4-HPR, and metabolite 4-MPR, were determined for 31 patients around the first fenretinide dose on Day 0 and Day 6 of Course 1, and for 18 patients on Day 0 and Day 6 of Course 2. Day 6 peak and trough plasma levels for 4-HPR for Courses 1 and 2 are shown in Figure 1 . Mean Day 6 4-HPR peak plasma levels (Fig. 1A) for Course 1 and/or Course 2 exceeded (P < 0.05) those reported previously using similar doses and schedules of fenretinide delivered in corn oil capsules to pediatric patients at all dose levels except 2,210 mg/m 2 /day [25] . Mean Day 6 4-HPR plasma trough levels (Fig. 1B) for Course 1 and/ or Course 2 also exceeded (P < 0.05) those reported previously using similar doses and schedules of fenretinide delivered in corn oil capsules. There was a decrease in plasma drug levels at 2,210 mg/m 2 /day compared to the previous dose level. There was no clear difference in Course 1, Day 6, dose one, trough or peak fenretinide plasma levels between the four complete responders (Table V) . There was a trend towards higher Course 1, Day 6, first dose, median trough or peak fenretinide plasma levels between the four complete responders (CR) and non-CR patients 
a G1/G2 hematologic toxicities included leukopenia (n ¼ 13), neutropenia (n ¼ 7), lymphopenia (n ¼ 10), thrombocytopenia (n ¼ 10), and anemia (n ¼ 11).
b
One patient able to take only half of initial dose due to nausea/vomiting was removed from study. 
DISCUSSION
Previous trials in recurrent/resistant neuroblastoma using fenretinide (4-HPR) in corn oil capsules demonstrated modest anticancer activity [24, 25] . However, inter-patient variability in attained plasma drug levels may have confounded response rate assessment. The capsular formulation was also difficult to administer to younger children. Based on this rationale, we conducted a phase I study of a novel oral fenretinide formulation, 4-HPR/LXS oral powder. LYM-X-SORB TM (LXS) is an organized lipid complex that facilitates increased intestinal lymphatic drug absorption.
This trial demonstrated that 4-HPR/LXS powder attained twoto sixfold higher 4-HPR plasma levels (peak and trough) than equivalent 4-HPR doses delivered using corn oil capsules on similar schedules (Fig. 1) [24, 25] . In a phase I corn oil capsule study (COG 09709), Day 7 peak plasma levels around a single dose at the MTD of 2,475 mg/m 2 /day divided into three doses were 9.9 AE 5.0 mM [25] . Similarly, a phase II corn oil capsule study using a dose of 2,475 mg/m 2 /day (COG ANBL0321) reported Day 7 mean trough plasma levels of 7.3 mM (coefficient of variation 40-56%, range <1-13 mM) and Day 7 mean peak plasma levels of 8.3 mM (range 3-17 mM) [24] . In a phase I neuroblastoma study using corn oil capsules in a single dose, daily, for 4 weeks, followed by 1 week rest, Day þ28 mean peak plasma levels were 12.9 AE 6.3 mM at 4,000 mg/m 2 /day [23] . Overall, these data suggest that 4-HPR/LXS oral powder can achieve higher fenretinide plasma levels than the corn oil capsule formulation.
Although a plateau in peak plasma levels was observed with 4-HPR/LXS above 774 mg/m 2 /day, trough plasma levels continued to trend upwards (Fig. 1) . Plasma levels at 2,210 mg/m 2 /day were lower than at the preceding dose levels. Based on considerations including total dosing volume and the apparent plateau of plasma drug levels, to optimize patient compliance, a dose of 1,500 mg 4-HPR/m 2 /day, divided into three doses (TID), on Days 0-6 of repeating 21-day courses, was recommended for future trials.
Inter-patient variability in plasma levels, previously reported with the corn oil capsules [25] , was still observed with 4-HPR/LXS powder ( Fig. 1) , albeit at higher absolute plasma levels, suggesting that such variability might reflect intrinsic patient variation in 4-HPR metabolism (i.e., high and low metabolizers). This suggested that plasma levels might be further increased by concurrent administration of a P450 inhibitor, such as was attempted with trans-retinoic acid levels using ketoconazole [35] . Indeed, ketoconazole administered concurrently with 4-HPR/LXS powder increased 4-HPR plasma and tissue levels in mice [36] . To test this, an additional patient cohort of this study is concurrently receiving 4-HPR/LXS oral powder (1,500 mg/m 2 /day) with ketoconazole (3-6 mg/kg/day). The higher 4-HPR plasma levels obtained did not appreciably increase toxicity (Tables II and III) compared to previous studies. Moderate, reversible liver toxicity was the most significant. Hematopoietic toxicity was minimal. Diarrhea, which was doselimiting in an adult study of 4-HPR/LXS powder, was not a DLT [37] . No maximal tolerated dosage was reached based on toxicity. Dose escalation was limited by the total drug volume required above the 2,210 mg/m 2 /day dose level. Patient compliance was acceptable, although some expressed dissatisfaction with the liquid nutritional supplement carrier mandated to ensure uniformity of delivery for PK analysis. The protocol was subsequently amended to allow patient choice of dietary carrier, excluding whole-fat milk products which are known to destabilize the LXS lipid matrix (results pending). Of note, one patient unable to take 4-HPR/LXS powder orally successfully received drug via a nasogastric feeding tube.
Four complete responses (CR) were observed among 18 heavily pretreated patients treated at doses at or above 774 mg/m 2 /day (Table IV) , two of which were sustained for 30þ and 36þ months. Six patients had stable disease for at least four courses, including patients with a Curie score of 15, and a soft tissue mass of 4.3 cm. Although all complete responses were in patients with limited marrow involvement or in I 131 mIBG-avid disease without RECIST , that is, steady-state, of Course 1 (C1) (o) and Course 2 (C2) (X). Trough level was the plasma level measured immediately prior to the morning dose on Day 6; peak level was the highest plasma value measured after the morning dose on Day 6. Arrow indicates Course 1 value for a patient requiring nasogastric tube delivery for Courses 2þ. Red hatching represent steady-state 4-HPR plasma levels (mean AE SD) previously reported in a pediatric phase I study using 4-HPR delivered in corn oilcontaining capsules at similar dosing and schedule [25] .
Pediatr Blood Cancer DOI 10.1002/pbc defined measurable soft tissue disease, these results may have clinical significance since bone and bone marrow are the most common sites of relapse in high risk neuroblastoma patients [38] , Curie scores are predictive of outcome in newly diagnosed patients [39, 40] , and two previous studies using fenretinide corn oil capsules reported a shorter time to progression in patients who entered with marrow disease, with or without other sites of tumor, even in patients with minimal marrow-only disease [24, 25] . To address this question, several recent COG phase II neuroblastoma studies have grouped patients with or without measurable soft tissue disease as separate cohorts for response evaluation [41, 42] , although currently there is still insufficient data to determine if response rates vary between these two cohorts. As accurate quantitation of bone marrow tumor is difficult in neuroblastoma due to inherent sampling variability, only complete responses (requiring at least two consecutive negative bone marrows) or stable disease were reported for bone marrow response. It is anticipated that real time quantitative polymerase chain reaction methodologies for the quantitation of bone marrow tumor currently being tested in clinical trials will improve future marrow assessment [39] .
Responses on the phase II capsular formulation trial included 1 PR (I 131 mIBG-avid sites only) and 13 SD for median 15 (range 4-45þ) courses among 59 evaluable patients [24] . Comparison of responses between the capsular and LXS powder formulations will require the analysis of additional patients being treated at the recommended phase II dosing of 4-HPR/LXS powder in ongoing expansion cohorts to the present study. However, all patients achieving CR with the LXS powder formulation had 4-HPR plasma levels of at least 15 mM (Table IV) , suggesting that plasma drug levels may affect response and supporting strategies to further increase 4-HPR plasma levels (such as with concurrent ketoconazole administration as described above).
In summary, 4-HPR in an oral organized lipid complex obtained higher plasma levels than the previously used capsule formulation with minimal toxicity. Complete tumor responses were observed in patients with tumor involvement limited to bone marrow and/or bone metastases, suggesting that future studies should further explore activity in this subgroup of patients. A recommended dose of 4-HPR/LXS oral powder for future studies is 1,500 mg/m 2 /day, divided TID, Â7 days, every 3 weeks.
